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The activity of PERK, an endoplasmic reticulum (ER) trans-
membrane protein kinase, assists in an ER stress response
designed to inhibit general protein synthesis while allowing up-
regulated synthesis of selective proteins such as the ATF4 tran-
scription factor. PERK null mice exhibit phenotypes that espe-
cially affect secretory cell types. Although embryonic fibroblasts
from these mice are difficult to transfect with high efficiency, we
have generated 293 cells stably expressing the PERK-K618A
dominant negative mutant. 293/PERK-K618A cells, in response
to ER stress: () do not properly inhibit general protein synthe-
sis, (b) exhibit defective/delayed induction of ATF4 and BiP, and
(c) exhibit exuberant splice activation of XBP1 and robust cleav-
age activation of ATF6, with abnormal regulation of calreticulin
levels. The data suggest compensatory mechanisms allowing for
cell survival in the absence of functional PERK. Interestingly,
although induction of CHOP (a transcription factor implicated
in apoptosis) is notably delayed after onset of ER stress, 293/
PERK-K618A cells eventually produce CHOP at normal or even
supranormal levels and exhibit increased apoptosis either in
response to general ER stress or, more importantly, to specific
misfolded secretory proteins.

A growing list of genetic diseases have been found to be
accounted for by structural changes in secretory proteins that
alter their folding and render them deficient for transport
through the intracellular secretory pathway (1). Some of these
diseases involve mere loss of function of the secreted protein
(2), whereas others may be involve gain of toxic function to cells
that attempt to produce them (3).

The endoplasmic reticulum (ER)? serves as the compartment
initiating the biosynthesis of secretory proteins, providing a
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unique environment for folding and re-folding of nascent
polypeptides, and for recognition and retention of secretory
proteins that fail to fold to their native conformation (4) to
direct their ultimate disposal via the ubiquitin-proteasome sys-
tem (5) in a process known as ER-associated protein degrada-
tion (6). Preventing toxic accumulation of misfolded secretory
proteins is vital for proper ER homeostasis (7, 8). When
retained secretory proteins stress the capacity of ER quality
control mechanisms for protein folding or disposal, the ER
responds, using several distinct signaling systems to up-regu-
late the ER stress response (9).

The oldest and best recognized ER stress signaling pathway
involves Irel, an ER transmembrane protein conserved to the level
of yeast (10). Upon ER stress activation, Irel becomes an active
ribonuclease engaged in mRNA splicing to produce the active
transcription factor XBP1 (11) (Hacl in yeast (12)), which turns on
many unfolded protein response genes (13), including those linked
to ER-associated protein degradation (14). A second ER trans-
membrane protein involved in stress signaling is ATF6. Upon ER
stress activation, the pro-ATF6 protein migrates from the ER to
the Golgi complex where its cytosolic domain becomes proteolyti-
cally cleaved to an active transcription factor that is transported to
the nucleus, similarly turning on many unfolded protein response
genes (15), including XBP1 (16, 17).

A third ER transmembrane protein involved in stress signal-
ing is PERK. PERK is one of four kinases whose cytosolic
domain provides major input into the phosphorylation state of
the eukaryotic initiation factor 2« (eIF2c)-Ser-51 (18), which in
turn suppresses general protein synthesis (19), while allowing
selected mRNAs (such as that encoding the ATF4 transcription
factor (20, 21)) to be translated. PERK activity is analogous to
that of certain cell surface receptors, using the extracytoplasmic
domain for homodimerization, which in turn activates the
cytosolic Ser-kinase domain (22, 23). Animals deficient for
PERK, or mutant for Ser-51 of eIF2q, exhibit phenotypic abnor-
malities, especially in professional protein-secreting cell types
(24). These observations raise the question of how cells defi-
cient for PERK activity handle misfolded secretory proteins.
Theoretically, such a question should be easily tested in mouse
embryonic fibroblasts (MEFs) from PERK /™ mice transfected
with ¢cDNAs encoding specific mutant secretory proteins.
However in practice,® we have found it extremely difficult to
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transfect these cells with reasonable efficiency. To circumvent
this problem, we have employed an alternative approach in
which 293 cells are stably transfected to overexpress PERK-
K618A, a dominant-negative PERK mutant that blocks
transphosphorylation and activation of the PERK kinase (19).
These cells can be readily transfected with eukaryotic expres-
sion vectors, allowing us to study how PERK-deficient cells
respond to the presence of misfolded secretory proteins within
the ER compartment.

EXPERIMENTAL PROCEDURES

Antibodies—Rabbit anti-ATF6 was from Santa Cruz Bio-
technology (#5C-22799 lot H-280) and used for Western blot-
ting at a dilution of 1:100. Rabbit anti-ATF4 (also known as
CREB-2, Santa Cruz Biotechnology #SC-200) and was used at
1:400 dilution. Mouse monoclonal antibody anti-CHOP (also
known as GADD153, Santa Cruz Biotechnology #SC-7351) was
used at a dilution of 1:40. Mouse monoclonal antibody anti-
elF2a total was from BIOSOURCE and used at a dilution of
1:100. Rabbit anti-phosphoSer-51 of eIF2« was also from BIO-
SOURCE and used at 1:100. Mouse monoclonal antibody anti-
PDI was from Affinity BioReagents (#MA3-019) and used at
1:500. Rabbit anti-Myc was from ICL (#RMYC-45A-3) and
used at a dilution of 1:5000). Chicken anti-calreticulin was used
ata dilution of 1:2000). Rabbit anti-BiP (1:5000), rabbit anti-cal-
nexin (1:2000), and rabbit anti-Tg were used as described pre-
viously (25). Tunicamycin was from Sigma, lipofectamine was
from Invitrogen, RNeasy Mini kit was from Qiagen, Dual-Lu-
ciferase reporter assay kit was from Promega, the “cell death
detection kit” was from Roche Applied Science(cat. #1544675).

Growth of MEFs—MEFs were grown routinely in DMEM
containing 25 mM glucose plus 10% fetal bovine serum and 50
uM 2-mercaptoethanol. Except where otherwise stated, 2 days
before experiments, cells were transferred to basal growth
medium (DMEM with 5.5 mm glucose plus 10% fetal bovine
serum).

Transfection—293 cells were cultured routinely in basal
growth medium. Cells were transfected with plasmid DNA
(encoding PERK-K618A bearing a single, C-terminal Myc tag,
or similarly tagged wild-type PERK, obtained from the labora-
tory of Dr. D. Ron, Skirball Institute, New York University, New
York, and subcloned via EcoRI and Xhol sites to the pPCDNA3.1
expression vector), 2 ug per well using Lipofectamine-2000
(Invitrogen) as per the manufacturer’s protocol. Thereafter, the
cells were selected in DMEM containing 25 mm glucose with
10% fetal bovine serum and 50 uM 2-mercaptoethanol plus 800
png/ml G418. G418-resistant cells were screened for the pres-
ence of Myc-tagged PERK-K618A by Western blotting and
thereafter were maintained in the presence of 400 ng/ml G418.
Except where otherwise stated, 2 days before experiments, all
cells were transferred to basal growth medium.

Immunofluorescence—293/PERK-K618A cells (and untrans-
fected 293 cells, used as a negative control) were fixed with 4%
formaldehyde and permeabilized with 0.1% Triton X-100,
blocked for 30 min at 22 °C in 5% serum in phosphate-buffered
saline plus 0.02% sodium azide, and incubated for a further 30
min at 22 °C with rabbit anti-Myc (1:1000) in blocking buffer,
and bound antibodies were detected with Alexa 546-tagged
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goat anti-rabbit secondary antibody (Jackson Immunochemi-
cals). Digital images were captured in a standard Zeiss micro-
scope equipped with epifluorescence optics and filters.

Metabolic Labeling— At different times after incubating 293/
PERK-K618A cells and untransfected 293 cells in complete
media containing tunicamycin (2.5 or 5.0 ug/ml), the cells were
further incubated for 3 h blocks of time at 37 °C in the presence
of 100 mCi/ml of **S-amino acid mixture (Expre®*S®*S, Perkin-
Elmer Life Sciences) in complete high glucose DMEM contain-
ing 10% fetal bovine serum.

Following metabolic labeling, the cells were washed twice
with ice-cold DMEM supplemented with an excess of cold
methionine and cysteine, and then lysed by boiling directly in
SDS-gel sample buffer containing 20 mm dithiothreitol. Radio-
labeled proteins were resolved by SDS 8%-PAGE followed by
fluorography.

Western Blotting and Measuring BiP Synthesis— After differ-
ent timed exposures to tunicamycin at doses of either 2.5 or 5.0
png/ml, 293/PERK-K618A cells and untransfected 293 cells
were lysed in SDS-gel sample buffer, and 20 ug of cellular pro-
tein was resolved by SDS 8%-PAGE and electrotransferred to
nitrocellulose, followed by immunoblotting for antigens
described in the text. Bands were visualized by enhanced
chemiluminescence.

To validate Western blotting results for BiP, BiP synthesis
was followed by metabolic labeling as described above. At the
conclusion of the labeling period, cells were lysed in immuno-
precipitation buffer (1% Triton X-100, 25 mMm Tris-HCI, 0.1 m
NaCl, pH 6.8) containing a protease inhibitor mixture (26). Cell
debris was cleared by low speed centrifugation, and the super-
natants were immunoprecipitated with rabbit anti-BiP,
washed, boiled in gel sample buffer, and analyzed by SDS
8%-PAGE and phosphorimaging.

XBP1I Production—Splicing of XBP1 mRNA in 293 cells was
detected by reverse transcription-PCR. First RNA was isolated
using the RNeasy Mini kit (Qiagen), reverse-transcribed from
50 ng of RNA using the One-Step RT-PCR kit (Invitrogen). For
reverse transcription-PCR amplification of XBP1, the forward
primer was 5'-CCTTGTAGTTGAGAACCAGG-3’, and the
reverse primer was 5'-GGGGCTTGGTATATATGTGG-3'.
PCR products were analyzed by agarose gel electrophoresis
and visualized by ethidium bromide staining. For additional
validation, XBP1 Western blotting was performed with a
rabbit polyclonal anti-XBP1 antibody (Santa Cruz Biotech-
nology, cat. #sc-7160).

BiP-luciferase and CHOP-luciferase Assays—For Fig. 6A or
the upper panel of Fig. 84, 293 control and 293/PERK-K618A
cells were transfected with a plasmid encoding firefly luciferase
driven by ~3 kb of BiP promoter (“BiP-luciferase,” the kind gift
of Dr. A. Lee, University of Southern California (27)) or a plas-
mid encoding firefly luciferase driven by 0.9 kb of the rat CHOP
promoter (“CHOP-luciferase,” the kind gift of Dr. R. Kaufman,
University of Michigan) and co-transfected with CMV-Renilla
luciferase (pRL-CMYV, Promega cat. #E2261). At 48 h post-
transfection, the cells were lysed, and both firefly and Renilla
luciferase activities were measured by the Dual-Luciferase
reporter kit (Promega cat. #1980) with signal quantified in a
Veritas luminometer (Turner Biosystems). For Fig. 5B, the cells
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FIGURE 1. Expression of Myc-tagged PERK-K618A in stably transfected
293 cells. A, control 293 cells and 293/PERK-K618A cells were fixed, perme-
abilized, and stained with anti-Myc and fluorescence-conjugated secondary
antibodies. All 293/PERK-K618A cells stained positively for Myc-tagged PERK-
K618A. B, Myc Western blot of 293 control cells and 293/PERK-K618A cells.

were co-transfected with BiP-luciferase and either wild-type
thyroglobulin (Tg), cog Tg, or rdw Tg at a plasmid ratio of 1:5 to
favor BiP-luciferase reporting from cells expressing Tg.

Cell Demise by Crystal Violet Staining—In 6-well plates, 293
and 293/PERK-K618A cells were exposed to different concen-
trations of tunicamycin for 48 h, washed in phosphate-buffered
saline, and stained for 15 min with 0.1% (w/v) crystal violet
(Sigma) in 2% ethanol, washed twice with water, with images
captured by scanning as reported previously (28).

Cell Death by Sandwich ELISA Assay—To quantify death
ongoing among the culture of adherent cells, culture medium
was removed, and the cells were gently washed in phosphate-
buffered saline, lysed in 100 ul of radioimmune precipitation
assay buffer and spun at 1000 X g for 2 min to clear debris from
the cell lysates. A sandwich ELISA assay was then employed to
detect nucleosomes liberated as a consequence of apoptotic
endonuclease activity, as per the manufacturer’s instructions
(Roche Applied Science cat. #1544675). Briefly, 100 ul of each
cell lysate was applied to a pre-coated, pre-washed, pre-blocked
96-well microtiter plate containing bound mouse anti-histone
antibody and incubated for 90 min at room temperature. The
immune reaction was then completed by adding anti-DNA per-
oxidase-conjugated secondary antibody, and the peroxidase
reaction was analyzed by optical density at 405 nm on a 96-well
plate reader. Averages for replicate wells were normalized to
protein content in parallel cell culture wells.

Cell Death by DAPI Staining—To examine death of individ-
ual transfected cells, cells growing in 6-well plates were incu-
bated for 15 min at 37 °C with 1 ml of fresh growth medium
supplemented with DAPI dilactate (Invitrogen/Molecular
probes cat. #D3571). Cells were then washed very gently by
removing half of the cell culture medium and replacing it with
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FIGURE 2. Global protein synthesis in response to ER stress in 293/PERK-
K618A cells. To induce misfolding of unglycosylated secretory pathway pro-
teins and ER stress, tunicamycin (Tun) was employed at a dose of 5.0 ug/ml
(MEFs, top panels) or 2.5 ug/ml (293 cells, bottom panels) for the times indi-
cated. Each of four sets of cells was labeled continuously, in triplicate wells,
with 3*S-amino acids in complete medium for the last 3 h of drug treatment.
Total 3>S-labeled cell lysate proteins, normalized to total protein, were ana-
lyzed by SDS-PAGE and autoradiography. With the exception of a few selec-
tive unidentified bands (that are likely to represent ER chaperones such as
BiP), translation was suppressed to a much greater degree after onset of ER
stress in control MEFs and control 293 cells than in comparable cells in which
PERK function was disabled. The positions of molecular weight standards is
shown at /eft.

p-elF2a
293 (control) elF2a
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FIGURE 3. An increase in net level of phosphoSer-51-elF2« (p-elF2«a) and
induction of ATF4 protein in response to ER stress is blocked or delayed
in 293/PERK-K618A cells. To induce misfolding of unglycosylated secretory
pathway proteins and ER stress, cells were treated with tunicamycin (TUN, 2.5
ng/ml) for the times indicated. Lysates (normalized to total protein) from
triplicate wells of control 293 cells (top panels) or 293/PERK-K618A cells (bot-
tom panels) were resolved by SDS-PAGE and electrotransferred for Western
blotting for the antigens shown. In control 293 cells, induction of ATF4 pro-
tein follows shortly after a net increase in p-elF2a levels.

fresh medium, repeating this five times. Cells were protected
from light until imaging by fluorescence microscopy in a stand-
ard Zeiss microscope equipped with epifluorescence optics and
a DAPI filter set, with digital image capture. Random photo-
graphic fields were captured both by phase and fluorescence
microscopy to count total cells in the field, and the fraction of
DAPI-positive cells. At least three independent fields were cap-
tured for each experimental condition.
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FIGURE 5. ATF6 cleavage in response to ER stress in 293/PERK-K618A
cells. To induce misfolding of unglycosylated secretory pathway proteins
and ER stress, the cells were exposed to tunicamycin (TUN, 5.0 ug/ml) for the
times indicated. Lysates (normalized to total protein) from triplicate wells of
control 293 cells (top panels) or 293/PERK-K618A cells (bottom panels) were
resolved by SDS-PAGE and electrotransferred for Western blotting for ATF6
and a strip of the same membrane was blotted as a control with anti-Myc.
After tunicamycin treatment, the further synthesis of ATF6 is an unglyco-
sylated form of the protein (“unglycos.”), but the primary focus of the figure is
the disappearance of the original glycosylated ~90-kDa ATF6 band (“ATF6"),
which disappears more quickly in 293/PERK-K618A cells. In conjunction with
this disappearance is an apparent increase in a ~50-kDa cleaved form of
ATF6, whereas other bands seen in the figure may be nonspecific
background.

Cell Death by Caspase 3 Activity—Cells were seeded into
24-well plates at 80% confluency. At 16 h post-seeding, tripli-
cate wells were transfected with 500 ng/well pCMS plasmids
containing either wild-type human proinsulin, proinsulin
C(A7)Y, or empty vector. At 30 h post-transfection, culture
plates were examined for GFP expression among the cell pop-
ulation before returning to the incubator. At 48 h post-trans-
fection, cells were trypsinized (and the trypsin neutralized with
fresh medium), counted in suspension, and 10> cells in 50 ul
from each group were analyzed for activity by luminescence
using the Caspase-3/7 Glo kit (Promega, Madison, WI) as per
the manufacturer’s instructions. Luminescence was measured
in a Veritas 96-well plate luminometer.

RESULTS

Production of 293/PERK-K618A Cells—A construct encod-
ing the dominant-negative, Myc-tagged PERK-K618A mutant
(19) was transfected into 293 cells and stably transfected cells
selected for G418 resistance. We found that, especially in the
weeks immediately following transfection, optimal viability of
the cells required addition of 50 uM 2-mercaptoethanol to the
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FIGURE 4. Splice activation of XBP1 mRNA leads to up-regulated XBP1 protein expression in 293/PERK-
K618A cells. To induce misfolding of unglycosylated secretory pathway proteins and ER stress, cells were
treated with 2.5 pg/ml tunicamycin (TUN +) for 12 h. Upper panels, RNA isolated from triplicate wells of control
293 cells (293) or 293/PERK-K618A cells was amplified by reverse transcription-PCR with the products analyzed
by agarose gel electrophoresis (see “Experimental Procedures”). Both inactive (459 bp) and splice-activated
forms (indicated on the figure, 415 bp) of XBP1T mRNA were recovered. Lower panels, triplicate lysates of the
cellsindicated (normalized to total protein) were analyzed by SDS-PAGE and Western blotting for XBP1 protein.
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growth medium, which allowed the
cells to be expanded and frozen.
Immunofluorescence staining of
these cells revealed that the entire
population was expressing the
PERK-K618A construct (Fig. 1A4),
which was also detectable by West-
ern blotting (Fig. 1B).

One aspect of PERK function is,
upon ER stress, to inhibit further
general protein synthesis. Indeed, in
MEFs from normal mice, within 3 h
of treatment with tunicamycin, new
synthesis of proteins was inhibited
as measured by the spectrum of tri-
chloroacetic acid-precipitable radiolabeled proteins (Fig. 2,
upper left panel) as expected. MEFs from PERK '~ mice
entirely lacking the PERK gene product were defective for
down-regulating protein synthesis (Fig. 2, upper right). In con-
trol 293 cells (Fig. 2, bottom left), tunicamycin treatment also
suppresses protein synthesis. 293/PERK-K618A cells that do
not lack the PERK gene product but do express the dominant-
negative PERK-K618A also exhibited deficiency in down-regu-
lating new protein synthesis (Fig. 2, bottom right). These data
support the notion of defective PERK kinase activity in cells
expressing PERK-K618A cells (19).

PERK Activity in 293/PERK-K618A Cells—To more directly
test PERK kinase activity, we examined the levels of phos-
phoSer-51-elF2« in control 293 cells and PERK-K618A cells as
a function of time after tunicamycin treatment. In control 293
cells, basal levels of phospho-elF2a were low and rose steadily
over 12 h of tunicamycin treatment (Fig. 3, upper panels).
One of the selective effects of eIF2a phosphorylation is aug-
mented translation of the ATF4 transcription factor that
carries outa portion of the ER stress response (18). Indeed, in
control 293 cells, ATF4 protein expression became apparent
during the course of tunicamycin treatment (Fig. 3, upper
panels). However, in 293/PERK-K618A cells treated with
tunicamycin, only low levels of phospho-elF2a (presumably
phosphorylated by other kinases linked to the integrated
stress response) were recovered throughout the course of the
experiment, and ATF4 protein levels remained below detec-
tion (Fig. 3, lower panels).

Activity of Other Limbs of the Tripartite ER Stress Response in
293/PERK-K618A Cells—In addition to PERK, major ER stress
signaling molecules in the membrane of the ER include Irel and
ATEF6 (29).

To directly test Irel ribonuclease activity, we examined the
splicing of XBP1 mRNA to a shorter form leading to production
of the active transcription factor (17). As shown in Fig. 4 in
control 293 cells, a larger form of XBP1 mRNA predominated
in the absence of added ER stress, and a new shorter form began
to emerge after tunicamycin treatment (upper panel). By con-
trast in 293/PERK-K618A cells, the shorter form of XBP1 was
already predominant even before imposition of added ER
stress, and the intensity of this mRNA signal increased further
after tunicamycin treatment (Fig. 4). These changes were also
reflected at the level of translated XBP1, in which the protein
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became apparent after tunicamycin
treatment (Fig. 4, lower panels).
Specifically, in 293/PERK-K618A
cells XBP1 protein was already
detected in the absence of added ER
stress, and the intensity of this band
increased further after tunicamycin
treatment (Fig. 4, bottom panel).
These data are consistent with the
notion of hyperactivity of the Irel-
XBP1 system (30) in 293 cells with
defective PERK activity.

The ER stress response protein
ATF6 can itself be up-regulated by
ER stress (14, 21). Moreover, ER
stress abrogates pro-ATF6 reten-
tion within the ER, allowing the pro-
tein to migrate to the Golgi complex
(15) where its cytosolic domain is
cleaved to become an active nuclear
transcription factor (17, 31-33). In
293 cells after treatment with 5
pg/ml tunicamycin (Fig. 5, upper
panels), onset of cleavage of pro-
ATF6 was slow, taking 6 h to achieve
complete disappearance of pre-ex-
isting (glycosylated) pro-ATF6
(with appearance of the active ~50
kDa cleaved fragment as well as
newly synthesized unglycosylated
pro-ATEF6). 293/PERK-K618A cells
contained at least as much initial
pro-ATF6 protein expression as
control 293 cells, with all of the pre-
existing (glycosylated) pro-ATF6
cleaved by 3 h after onset of ER
stress, along with brisk ongoing syn-
thesis of (unglycosylated) pro-ATF6
and apparent cleavage (Fig. 5, lower
panels). These data also suggest
robust activity of the ATF6 stress
signaling system in 293/PERK-
K618A cells compensating for
defective PERK signaling.

Induction of Specific ER Resident
Proteins and Chaperones in 293/
PERK-K618A Cells—To assess the
significance of the active Ire1/XBP1
and ATF6 pathways in conjunction
with disabled PERK/ATF4 activa-
tion, we looked at the induction of
specific ER residents of 293/PERK-
K618A cells. We focused initial
attention on BiP, by transiently
transfecting these cells with a firefly

luciferase reporter construct driven by a BiP promoter (27).
When such transiently transfected cells were treated with tuni-
camycin to induce ER stress, BiP-luciferase expression in 293/

A
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PERK-K618A cells reproducibly lagged behind that observed in
control 293 cells (Fig. 6A). We similarly examined the BiP
response to ER stress induced by specific misfolded secretory
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proteins. Indeed, when the cells were transfected with cDNAs
encoding either cog Tg or rdw Tg (two mutant Tg alleles known
to cause ER stress (25, 34)), we could normalize the BiP-lucif-
erase response directly to the synthesis of the misfolded secre-
tory protein. PERK/293-K618A cells were clearly deficient for
BiP induction by mutant Tg (Fig. 6B), and the results are repre-
sentative of responses in the general cell population, because
transfection efficiency in these experiments was ~50% (not
shown). This is >10-fold greater than what we could obtain in
PERK '~ MEEF cells (not shown).

To examine authentic endogenous BiP expression, we per-
formed two kinds of experiments. First, we examined new BiP
synthesis by metabolic labeling of cells for 3 h in the absence or
presence of tunicamycin treatment for different periods of
time. Confirming earlier experiments, onset of increased BiP
synthesis was delayed in 293/PERK-K618A cells (Fig. 6C, upper
panels). In independent experiments without radiolabeling,
there was also a lag in induction of BiP protein levels by West-
ern blotting (second set of panels, Fig. 6C). These data indicate
defective BiP induction in cells with disabled PERK signaling
despite the activity of Ire1/XBP1 and ATF6 pathways.

Unlike BiP, there were no major changes in calnexin or PDI
levels in 293 cells treated with tunicamycin, and no major dif-
ferences seen in 293/PERK-K618A cells (Fig. 6C). However,
both “basal” and ER stress-induced calreticulin levels were
higher in 293/PERK-K618A cells. The data indicate that, in 293
cells, compensatory ER stress response pathways hyperstimu-
late calreticulin expression even as the PERK/ATF4 pathway
appears necessary for full BiP induction.

To confirm that the phenotype of 293/PERK-K618A cells did
not merely reflect the overexpression of PERK in the ER, we also
transiently transfected wild-type PERK in these cells. Whereas
293/PERK-K618A cells exhibited a lag in BiP protein induction
after tunicamycin treatment, 293/wt PERK cells exhibited exu-
berant BiP induction (Fig. 6D). Thus, the phenotype of 293/
PERK-K618A cells is not caused simply by protein overexpres-
sion within the ER membrane.

Irel/XBP1 and ATF6 Pathways Do Not Fully Ameliorate Com-
promised Cell Viability in Cells with Disabled PERK Activity
—PERK insufficiency is linked to ER stress-related cell death (30)
accounting for multiorgan system dysfunction in PERK-deficient
Wolcott-Rallison syndrome, which results in loss of pancreatic
islet cells, pancreatic exocrine cells, bone cells, and presumably
cells of other secretory tissues (24, 35). Using a simple crystal violet
staining procedure, Harding and colleagues (30) established that
MEFs from PERK ™/~ mice exhibit increased susceptibility to cell
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death in response to tunicamycin treatment. Using the same assay
with PERK ™/~ MEFs as a positive control (Fig. 74, left), we found
similar behavior in 293/PERK-K618A cells (panels at right).
Although cell death in PERK-deficient cells has been attributed to
apoptosis, the crystal violet staining assay (Fig. 7A) essentially
measures only disappearance of cells from the culture plate. To
further examine cell death from ER stress, we next utilized the
“apoptosome” detection kit in which cell death could be quantified
by ELISA assay (see “Experimental Procedures”). As shown in Fig.
7B, similar to that seen in PERK '~ MEFs (upper panel), 293/
PERK-K618A cells showed increased apoptosis after onset of ER
stress (lower panel).

We next examined caspase-3 activation in response to ER stress
induced by specific misfolded secretory proteins in transiently
transfected cells that co-expressed cytosolic GFP from the same
plasmid DNA. As shown in Fig. 7C, 293/PERK-K618A cells
showed slightly increased caspase-3 activity in response to trans-
fection conditions with either wild-type proinsulin or an empty
expression vector but showed further caspase-3 activation in cells
expressing proinsulin-C(A7)Y (also known as proinsulin bearing
the Akita mutation (36)). Again, co-expressed GFP fluorescence
proved that more than half the cells in the population were trans-
fected (not shown).

Finally, we used DAPI dilactate as a nucleic acid stain (similar to
propidium iodide), which cannot permeate the plasma membrane
of healthy cells but can enter the cytoplasm and label the nuclei of
dead and dying cells. Using PERK '~ MEFs as a positive control,
cells were always killed >80% by a 48-h tunicamycin exposure (Fig.
7D). When restricting our analysis to GFP-positive (i.e. co-trans-
fected) cells, there was a clear increase of cell death upon expres-
sion of human proinsulin bearing the C(A7)Y Akita mutation in
PERK ™/~ MEFs versus that seen in control MEFs (Fig. 7D). There
were many more GFP-positive 293/PERK-K618A cells, and these
exhibited a similar cell death response to the misfolded proinsulin
(~40% of cells, with 15% cell death in control 293 cells). Taken
together, the data in Fig. 7 (A-D) confirm that PERK activity pro-
vides a cell survival advantage in the face of both general ER stress
(21, 37) and ER stress caused by specific misfolded proteins.

CHOP Activation in PERK-disabled Cells—It has been
unclear the extent to which cell death in PERK-deficient cells
includes activation of the pro-apoptotic transcription factor,
CHOP (38-40) which can be activated downstream of the
phospho-elF2a-mediated translational increase of ATF4 (20);
but ATF4 is inhibited in 293/PERK-K618A cells (Fig. 3).

FIGURE 6. Delayed BiP induction in 293/PERK-K618A cells compared with control 293 cells. A and C, to induce misfolding of unglycosylated secretory
pathway proteins and ER stress, the cells were exposed to tunicamycin (TUN, 2.5 ug/ml) for the times indicated. A, cells were co-transfected with BiP-luciferase
(firefly), with signal normalized for transfection efficiency with Renilla luciferase driven by a CMV promoter (“Renilla”). At staggered times prior to the 48-h time
point shown, cells began treatment with tunicamycin (TUN, 2.5 ug/ml) to induce ER stress before measuring the firefly/Renilla luciferase activity ratio. The data
shown are the mean of two experiments (each in triplicate). B, cells were co-transfected with BiP-luciferase and wild-type or mutant thyroglobulin cDNAs (cog
Tg or rdw Tg). At 48-h post-transfection, triplicate wells of cells were metabolically labeled for 1 h with 3*S-amino acids. One aliquot of each cell lysate was
immunoprecipitated with anti-Tg and analyzed by SDS-PAGE and quantitative phosphorimaging. A second aliquot from the same sample was taken for
luciferase activity (shown on the ordinate, normalized to Tg synthesis). C, upper panel, cells were labeled continuously, in triplicate wells, with 3*S-amino acids
in complete medium for the last 3 h of drug treatment as in Fig. 2. Cell lysates were then immunoprecipitated with anti-BiP and analyzed by SDS-PAGE and
fluorography. Lower four sets of panels, at different times after TUN treatment, cell lysates (20 ug of protein per lane), in triplicate, were analyzed by Western
blotting for the proteins indicated (CLX, calnexin; PDI, protein disulfide isomerase; and CRT, calreticulin). D, upper panel, 293 cells transiently expressing
wild-type PERK, or 293/PERK-K618A cells, or untransfected cells, were treated with tunicamycin (10 wg/ml) for the times indicated before Western blotting of
BiP asin Fig. 6C. Lower panel, in parallel, the same lysates were blotted for B-tubulin (not shown), and the densitometry units for BiP protein divided by that for
tubulin protein and ratios, in arbitrary units (Arb Units) prior to tunicamycin addition. The data shown are representative of three independent experiments.
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FIGURE 7. Sensitivity of 293/PERK-K618A cells to ER stress-mediated cell death. A, cells in 6-well plates were exposed (in duplicate) to tunicamycin at the
doses indicated for 48 h to induce misfolding of unglycosylated secretory pathway proteins and ER stress. Remaining, surviving cells were then stained with
crystal violet (see “Experimental Procedures”). Cells were lost from the cultures to a greater degree after onset of ER stress in PERK ™/~ MEFs (left panels) and
293/PERK-K618A cells (right panels). B, cell death measured by ELISA assay. Cells were exposed in triplicate to tunicamycin (TUN, 2.5 ug/ml) for the times
indicated before cell lysis and ELISA assay as described under “Experimental Procedures.” C, caspase-3 activation. Cells were exposed transfected with the
plasmids indicated. At 48 h post-transfection, cell were lysed and caspase-3 measured luminometrically, in triplicate, as described under “Experimental
Procedures.” D, each of the four sets of cells indicated were either transfected with pCMS expressing cytosolic GFP and a separately encoded CMV promoter
driving expression of human proinsulin bearing the Akita-like C(A7)Y mutation (A7), or put through the procedure without an insert to express any exogenous
secretory protein (no DNA). At 48-h post-transfection, the living cultures were incubated with DAPI dilactate as described under “Experimental Procedures” and
then examined by fluorescence microscopy. The percentage of green fluorescent cells (i.e. transfected cells) exhibiting positive nuclear staining is an estimate
of dead cells exhibiting plasma membrane permeability to DAPI dilactate. As a positive control, cells were treated for 24 h with 10 ug/ml tunicamycin (TUN). A
minimum of three different fields of cells were counted for each sample, and the fraction of DAPI-positive cells was used to generate the mean = S.D. The data
are derived from multiple fields from a single experiment, but are representative of three independent experiments. Both PERK-deficient MEFs and 293/PERK-
K618A cells exhibited increased cell death (~40%) in response to expression of misfolded proinsulin.

To examine CHOP activation in PERK-disabled 293 cells,
we first transiently transfected these cells with a firefly lucif-
erase reporter construct driven by the rat CHOP promoter.
When 293/PERK-K618A cells were treated with tunicamy-
cin to induce ER stress over a 6-h period, CHOP-firefly lucif-
erase expression clearly did not initiate as it did in control
293 cells (Fig. 84, upper panel). We then looked over an early
time course directly at authentic CHOP protein expression
by Western blot and again 293/PERK-K618A cells showed a
defect in time-dependent accumulation of CHOP protein
(Fig. 8A, bottom panel). Because apoptosome formation in
293/PERK-K618A cells was already ongoing at 6 -12 h after
onset of ER stress (Fig. 7B), these data suggest that those
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293/PERK-K618A cells dying shortly after onset of ER stress
are unlikely to utilize CHOP expression (Fig. 84) as an incit-
ing mechanism.

Independent of phospho-elF2a-mediated translational
increase of ATF4, Irel (41) and ATF6 (33) have also been impli-
cated in increased CHOP expression, and both are robustly active
in 293/PERK-K618A cells (Figs. 4 and 5). To determine whether
CHOP protein was eventually induced in these cells, experiments
were extended to 24 h and 30 h, respectively. Indeed, induction of
CHOP protein was detected in 293/PERK-K618A cells at 24 h after
onset of ER stress and persisted at 30 h after onset of ER stress (Fig.
8B, two independent experiments). Although these data do not
help to account for increased cell death within the first 12 h after
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FIGURE 8. Induction of CHOP in 293/PERK-K618A cells. To induce misfolding of unglycosylated secretory
pathway proteins and ER stress, the cells were exposed to tunicamycin (2.5 ug/ml) for the number of hours
indicated. A, upper panel, cells were co-transfected with CHOP-luciferase (firefly), normalized for transfection
efficiency with CMV-Renilla luciferase (Renilla). At 48-h post-transfection, cells began treatment with tunica-
mycin for the times indicated to induce ER stress before measuring the firefly/Renilla luciferase activity ratio.

!

tions, 293/PERK-K618A cells do not
adequately suppress new protein
synthesis (Fig. 2), and this can be
directly attributed to a failure to
raise intracellular levels of phospho-
elF2a (Fig. 3). Another established
consequence of disabling PERK is
an inability of ER stress to induce
ATF4 (20), and this is also observed
in 293/PERK-K618A cells (Fig. 3).
Cells experiencing these defects
are likely to have a survival disad-
vantage (18). We don’t fully under-
stand how such cells avoid apopto-
sis, but part of the story is likely to
involve compensatory or adaptive
responses (30, 43) of the remaining
functional ER stress signaling path-
ways (upper and lower pathways,
Fig. 9). Specifically, 293/PERK-
K618A cells exhibit constitutively
up-regulated splice activation of
XBP1 mRNA with increased basal
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The data shown are the mean of two experiments (each in triplicate). Lower panel, at different times up to 12 h

of TUN treatment, triplicate cell lysates, normalized to total protein, were analyzed by Western blotting for
endogenous CHOP protein. Note that using either the reporter gene assay or measuring endogenous CHOP,
293/PERK-K618A cells exhibited a delayed or absence response up to 12 h after onset of ER stress. B, at different
times of TUN treatment, triplicate cell lysates, normalized to total protein, were analyzed by Western blotting
for endogenous CHOP protein. Two independent experiments are shown, and in the second experiment,
immunoblotting for calnexin was included as an additional gel loading control. Note that 293/PERK-K618A
cells exhibited an adequate CHOP response at 24 or more hours after onset of ER stress.

onset of ER stress (Fig. 7B), they certainly can account for cell death
under states of chronic ER stress (Fig. 7, A, C, and D).

DISCUSSION

Because of difficulty in getting high transfection efficiency
in MEFs, it seemed that there might be utility in generating a
stable 293 cell line in which PERK was disabled yet the cells
could still be readily transfected. Such an outcome might be
achieved using short hairpin RNA, but previous reports have
established that Myc-tagged PERK-K618A is an effective and
specific dominant-negative inhibitor of PERK kinase activity
(19), which is readily detected and well expressed through-
out the entire population of 293/PERK-K18A cells (Fig. 14).
Initially we found such cells exhibited difficulty in propaga-
tion and could not be readily frozen and recovered. However,
inclusion of 50 um 2-mercaptoethanol greatly improved
293/PERK-K618A cell survival and allowed us to expand the
selected population of stably transfected cells for further
study. 293/PERK-K618A cells exhibit a number of features
that also have been recognized in MEFs derived from
PERK '~ mice. A schematic is presented to summarize these
findings (Fig. 9).
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levels of the active transcription fac-
tor protein, and even further XBP1
mRNA splicing with higher XBP1
protein levels after ER stress (Fig. 4).
Additionally, these cells abundantly
express pro-ATF6 (the ~90-kDa
membrane protein), and within 3 h
of tunicamycin treatment, all of that pro-ATF6 has been
cleaved (Fig. 5); this is an established mechanism for its conver-
sion to an active transcription factor (17). Thus, the intriguing
imbalance created by expression of PERK-K618A is a chronic
disability of ER stress-mediated elF2a phosphorylation (and
ATF4 activation) accompanied by hyperactivity of Irel/XBP1
and robust ATF6 stress signaling pathways (Fig. 9).

This imbalance sheds new light on aspects of ER chaperone
regulation as well as cell survival. Consistent with previous
reports (27), disabling PERK-mediated ATF4 induction causes
suboptimal expression of a luciferase reporter driven by the BiP
promoter in cells exposed either to tunicamycin, or, more
importantly, in response to specific misfolded secretory pro-
teins (Fig. 6, A and B). This can also be observed as suboptimal
induction of radiolabeled BiP synthesis, or steady-state accu-
mulation of BiP protein (Fig. 6C). These phenotypes cannot be
attributed merely to membrane protein overexpression within
the ER (Fig. 6D). Although little effect of PERK deficiency is
seen on the protein levels of calnexin and PDI, 293/PERK-
K618A cells actually show an overabundance of calreticulin,
even prior to ER stress induction (Fig. 6C). There is reason to
believe that calreticulin expression might be linked to the
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FIGURE 9. A schematic summarizing ER stress response pathways in cells
compensating for deficiency of the ER stress response kinase, PERK. In
293/PERK-K618A cells, presence of the dominant-negative PERK mutant
interferes with phosphorylation of elF2a (middle pathway), causing dysregu-
lation of protein synthesis (Fig. 2) and inhibiting induced ATF4 protein
expression (Fig. 3) and its downstream induction of CHOP (Fig. 8). In such cells
Ire1 (upper pathway) appears hyperactive in the splice activation of XBP1
mRNA and protein (Fig. 4). Likewise, ATF6 (lower pathway) remains robustly
active in these cells (Fig. 5).

hyperactivity of XBP1 in these cells, as has been suggested in
other systems (44). These data highlight selectivity of ER stress
signaling pathways on the ultimate accumulation of specific ER
chaperones and resident proteins.

Curiously, overexpression of calreticulin has been reported
to sensitize cells to ER stress-induced apoptosis (45). Interest-
ingly, when compared with control 293 cells, 293/PERK-K618A
cells showed augmented cell death (Fig. 7A) that could first be
detected within 6 —12 h after onset of ER stress (Fig. 7B). CHOP
has been repeatedly implicated as a key mediator of ER stress-
induced cell death (38 — 40, 46 — 48) via translational up-regula-
tion of ATF4 (20). However, this step is deficient in 293/PERK-
K618A cells (Fig. 3). Moreover, in 293/PERK-K618A cells,
CHOP induction clearly does not begin during the first 12 h
after onset of ER stress (Fig. 8). These data strongly imply that
the enhanced early cell death response to ER stress in PERK-
deficient cells is mediated by mechanisms that do not involve
CHOP.

This is not to say that PERK-deficient cells fail to activate
CHOP; rather, they do so more slowly, because CHOP induc-
tion eventually rebounds to levels that equal those found in
control cells (Fig. 8B). Thus, distinct early-onset and late-onset
mechanisms are likely to be engaged in ER stress-mediated cell
death, at least in cells with insufficient PERK kinase activity.
The net effect of these mechanisms includes augmented cell
death in response to specific misfolded secretory proteins, such
as misfolded proinsulin (Fig. 7C). Cavener and colleagues (49)
have recently suggested that it is primarily a failure of prolifer-
ation and differentiation of pancreatic 3-cells that causes dia-
betes in PERK-deficient mice, and perhaps in human Wolcott-
Rallison syndrome. However, our data continue to support an
earlier view that insufficient PERK signaling (50), especially in
response to misfolded proinsulin (51), leaves cells particularly
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susceptible to death from ER stress (52). There is absolutely no
question that B-cell proliferation and differentiation in early life
give humans (and animal models) a crucial “running start” in
generating the pancreatic B-cell mass needed to maintain nor-
mal insulin secretory function; however, we believe that cell
death from misfolding of proinsulin (36) (and other secretory
proteins in other secretory cell types (53)) in the setting of abso-
lute or relative PERK deficiency is an area that requires serious
further investigation.

Acknowledgment—We acknowledge Lori Bash, who as an undergrad-
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